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The utilization of yolk nutricnts by the white sfurgeon wag investigaied at incubation lempers-
tures af 11, 14, 17, and 20° C. The rates of developnient and dry master loss arc lemperature-
dependent, with an upper critical temperajure between 17 and 20° C abave which sugvival is
reduced {the temperaiure range investigated wus not sufficient 10 allow deteemination of a lower
critical lemperaturc). The palterns of yalk utilization are similur to thase of other fish. Prolein
depltion eccurs at relatively copstant caies thraughout yolk autrition, with the highesy rate
observed 86 20° C. More than 95% of the original lipid levels were stilf prescat ac haich, except at
20° C (88%). Aficr hatch, lipid content supidly decreased wi all mperatures, with fish incubaled
at 11* C possessing higher lipid levels at yolk depletion. The question of why the temperature
todecunces of carly lifc stages arc more limited than 1hose of older fish is discussed.

I. INTRODUCTION

The majority of aquatic environments are usuaily neither constant nor predict-
able. As a result the eggs of fish may be exposed to a variety of conditions during
the incubation period. Selection has favoured thase individuals whose eggs can
develop within the range of anticipated environmental conditions. Since tempera-
ture is generally the most variable environmental parameter and also the most
controllable hatchery condition, it has been the most thoroughly investigated
environmental factor influencing fish development.

The Salmonidae have received most of the research effort and our current know-
ledge of metabolic aspects of embryonic and larval fish development is primarily
based on studies of eggs which are relatively large and are adapted for low tempera-
tures and loug incubation periods. For comparative purposes there is a need ta
include a greater diversity of species with different repraductive strategies. The
limited information now available does, however, reveal the existence of species
variation i the patierns and rates of yolk utilization as well as the growth of
embryos and larvac in response ta different incubation temperatuses (reviewed by
Heming & Buddington, in press). Data from the various studies demonstrate
species-specific ranges of incubation temperatures within which yolk utilization
sfficiency and survival are maximized.

Development rates and survival of chondrosteans are affected by temperature
(Deslaf et al., 1981; Waag et al., 1985). For example, Wang (1984) observed that
size of white sturgeon embryos at hatch is inversely related to incubation tempera-

ture. His observations and measuremenis of yolk sac size relative to body length
indicate that higher temperatures result in the cmboyos hatching at an caclicr
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l development stage. Chondrosteans are somewhat unique among fish in that they

develop holohlastically and possess an intraembryonic yolk endoderm (Detlaf &
Ginzburg, 1954); because of this, the yolk sac participates in formation of the gut,
and yolk materials are present within the presumptive stomach and intestine. In
contrast in fish that develop merablastically, characteristic of most telcosts, the
yolk sac is an extraembryonic structure. Presently, thete is only a limited amount
of information concerning the utilization of yolk materials by embryos which
develap holoblastically, such as the chondrosteans, and virtually nothing is known
| concerning the influence of temperature. We, therefore, investigated the rates of
” development and utilization of yolk by embryos and larvae of white sturgeon

e

which were incubated at different temperatures.

; . MATERIALS AND METHODS

\ PROCUREMENT AND INCUBATION OF EGGS AND LARVAE
\ Gametes (eggs and sperm) were obtained from onc feral and several male white sturgeon
| and fertilization followed Doroshov ez al. (1983). Two hundred miililitres of fertilized epgs
X were stocked into 2-1 incubation jars with a bottom flow inlet (Wang ez af., 1985). Sixteen
stocked jars were positionied in x corresponding number of 15-Irearing tanks, each provided
with zeration. Groups of four tanks with incubation jars were incorporated into isolated,
semi-closed recirculation systems which were maintained at 11, 14, 17, and 20° C. Each
system was provided with constant water inflow such that the entire water volume was
turned over twice each day. Following hatch, the {ry spilled out of the incubation jars and
were collected and held in the rearing containers.

Following Balon (1975) we use here the term ‘embryo’ for developing fish prior ta hatch,
and ‘cleutheroembryo’ for post-hatch, non-feeding fish that are still dependent on yolk
reserves.

SAMPLING AND PREPARATION OF MATERIALS

Samples for analysis were removed at the stages of neurulation (stage 22), hatch (stage
36), appearance of pyloric sphincter (stage 40), and yolk depletion (stage 44) asdescribed by
Detlal eral. (1981) and Wang et al. (1985). The times required to reach each developmental
stage at the different incubation temperatures are presented in Fig. 1. To provide adequate
quantities of material for proximate analysis, we pooled approximately 600-1200 individ-
uals from the four jars at each temperature. Because of lower survival wedid not sample the
: : 20° C treatments at stage 40. The developing fish were homogenized with approximately
. A equal volumes of chilled distilled water and were then lyophilized. The resulting material
; was stored at —20° C untilanalyzed. Because of the intraembryonic nature of the yolk sac,
g we did not attempt 1o isolate the yolk materials from the somatic tissues of the embryos and

i farvae; nor were the egg membranes removed from the embryos. Therefore, proximate
i composition values reflect the developing fish plus the associated yolk and, prior to hatch,
: ] also the egg membrances and perivitelline fluids.

i

PROXIMATE ANALYSES

Dry matter determinations were performed on 10 individual embryos (with egg
tacmbranes and perivitelline fluids prior to hatch) or eleutheroembryos by dessication at
65--70° C (for 96 h). At hatch we also recorded the wet and dry weights of 10 larvae with
intact egg membranes. This allowed us to quantify the wet weight and dry matter associated
wilh the egg membranes and perivitelline fluids by comparison with recently hatched
farvae. A mean and spM. of dty matter content per individual was caleulated for each
treatment. .

Caloric content of the lyophilized material was ascertained by microbomb calorimetry of |
0-5-g samples. Protein content was measured by the method of Lowry s al. (1951). Lipids
were extracted from the lyophylizate by a 24-h refluxing soxhlet extraction with petroleum
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FiG. b. Houn post-lentitization sequised to attain specific devclopmental stuges when white sturgeon cgps
and Jry are incubssted a1 1], 14, 17, and 20° C. Key: O, 3rd cleavage; O, closuse of neural tube; A,
complete hatch; O, formation of pylaric sphincicr; @, yolk deplction,

ether. The petroleum ether was then evaparated (30-35°C) and the resultant lipid
weighed, Ash contenl was measured following ignition of the samples (350° C, 24 h),
Results of the analyses were expressed as percentages of original yolk quuntities, mgmg™* )
dry mauter, and myg per individual developing fish on a wet and dry basis.
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HL. RESULTS

DEVELOPMENT RATE AND WET AND DRY WEIGHTS ¥,
The rate of development was temperature-dependent (Fig. 1). Relativeto 14°C, :
the time required to atlain specific developmental stages decreased, on average, by A
25% at 14°,48% at 17°, and 58% at 20°. A
An increase of incubation temperature resulted in smaller eleutheroembryos at .
hatch and at yolk depletion: there were significant decreases (£<0-05) in body
length at hatch at higher incubation temperatures (Table I). The decline of dry
matter during development was also accelerated at elevated temperatures. The dry
matter assaciated with the egg membranes and perivitelling fuid was similar for all
treatments and averaged 097 +£0-03 mg. Hence, the percentages of dry matier
present in the unfertilized egg (100%) which was retained at haich were 99, 98, 93,
and 82% ar the respective cxperimental temperatures of 11, 14, 17, and 20 C.
Corresponding values at yolk depietion were 62, 59, 55, and 48%. These results
indicate that {t) the rate of dry matier loss is directly related to incubation empera-
ture, and (2) the decrease of dry matter is accelerated afier hateh, corresponding it
with greater activity of the developing fish. 8
In contrast to dry matter, wet weight increased during embryonic development ‘
at all experimental temperatures (except when the chorion was last at hatch); !

cn oy i s st eas o s
- -

this wae caused by an increase of muisture content, Although not significant ]
(£>0-05), embryonic wet weights tended o be lower at elevaled temperatures.
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FiG, 2. Poreenyages of the originad (4) protain, (b} lipid, (c) calories, ynd (d)ash prescat in the unferilized egg
remaining in the dovelopiog lifc atages of white sturgoon incubsicd at 11, 14, 17, a0d 20° €. Valuesin
p'animhcks r;:prgcnza the oniginal my per individual egg aud calories per individualcgg, Key: @, 11°;
14 8,170,200

Afier hatch, wet weights increased but not in & direct relationship with
temperatuge. Eleutherocmbryos attained the greatest wet weights at 44 and 17°C,
with those reared at 11 and 20° C being lighter. Whereas the lower wet weights at
20° C were partially caused by a lower dry matter content, the low value at 11°C
was due to 4 reduced moisture content.

MOCHEMICAL CHANGES

The biochemical data (Fig. 2) reveal changes in proximate compasition
during the non-feeding development of white sturgeon reared at the experimental
femperatures.

Protein, the primary constituent of the dry matter of the fertilized ova (5-68 mg;
67% of the dry weight), exhibited 4 consistent decrease throughout development in
all treatments {Fig. 2(a)]. Protcin contents of sturgeon incubated at 20°C,
however, were consistently lower than those at other temperatures, which were
similar. As a result, at yolk depletion the percentage of yolk protein converted into
cleutheroembryo ranged from 48 ta 52% for sturgeon reared at temperatures from
11 to 17° C but was only 38% for those a1 20° C.,

Most of the fat content of the ava (2-58 mg; 30% of the dry weight) was retained
during embryonic development {Fig. 2(b)}. Only at 20° C did fat content drop
below 80% of the ariginal quantity by the time of hatch. Following hatch, there
was a rapid decline in fat within all treatments. When the yolk was exhausted
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b 34-40% of the original fat had been retained in larvac at 14-20°C. Fishat 11°C
! retained 52% of the initial lipid provided in the ova.

Changes in caloric content [Fig. 2(c)] corresponded to changes in protein and fat
percentages. For example, during the egg phase the decrease of calories can be
N attributed primarily to the utilization of protein. Duting this period there was
J comparatively low utilization of the higher caloric density lipids. Because of the
retention of lipid, the rate of decrease of protein during the egg phase was slightly
¥ greater than that for the caloric content. The increased utilization of lipid after
hatch resulted in slightly lower percentage of original egg calories remaining at
yolk depletion, relative to protein. However, the observed differences between the
i rates of depletion of the ariginal protein content and caloricdensity due to shiftsin
. the utilization of lipid were not significant. This was due to the presence of over
v twice as much protein as lipid in the egg (5-68 mg v. 2-58) which would reduce the

1

{

f

{

{

i ;

B ‘ influences caused by changes in lipid content. Although fish reared a120°Chad a
X : tower calaric density at haich, when the yolk wag depleted fish reared at 14-20°C
i were similar in caloric content. In agreement with lipid data, an incubation
: temperature of 117 C resulted in a higher caloric density when the yolk was
E i depleted.

g i The large increase of ash content alter fertilization [Fig. 2(d)] was due to the
% hatchery procedure of silt-treating the eges which results in the adhering of silt to
! the egg membrane. This is performed to eliminate the adhesiveness of the eggs and
allow them to be incubated in the hatching jars without clumping. When the egg
cases were shed at hatch, the ash content decreased to levels which were slightly
lower than prior to the siltation procedure. Again, values from fish reared at
11--17° C were similar whereas those from 20° C had a lower ash content at hatch.
When the yolk was depleted, fish reared at 14 and 17° C had higher ash levels than
did fish incubated at 11° C, and especially at 20° C,

V. DISCUSSION

The influence of temperature on the development rate of white sturgeon eggs was
similar to that desctibed for other acipenserids (Detlaf es al., 1981; Nikol'skaya &
Sytina, 1978; Detlaf & Ginzburg, 1954). The combined data from the various
studies, including the present one, indicate that the developmental responses of the
haloblastic eggs of chondrosteans to different temperatutes are, in general, similar
to those of meroblasticeggs. Hence, when the incubation temperature is increased
there is an acceleration of development, which apparently causes a greater pro-
portion of the yolk reserves to be channelled into catabolic rather than anabolic
processes. As a result, size based on dry matter content of the embryos and
eleutheroembryas is inversely related to temperature, as indicated in Table 1.

The pattern of nutrient utilization in white sturgeon egps is similar to that
reported for eggs of other fish, regardless of cleavage type. A relatively constant
decrease in protein content throughout pre-feeding development has been reported
for salmonids (Heming, 1982) and other fish (reviewed by Heming & Buddington,
in press). The trend of lipid conservation prior to hatch, followed by a decrease
during the sleutheroembryo phase, is also consistent among fish.

Each species has a preferred temperature range for egg incubation within which
egg survival is high and utilization of yolk nutrients is relatively efficient and
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constant. The upper limit of the range for the white sturgeon investigated is some-
where between 17 and 20° C, with 4 minimum of §1° C or fower. Within this range,
only development rate is significantly allected. The amounts of yolk nutrients
utilized by the developing fish incubated at 11-17° C were not different. At hatch,
eleutheroembryos from eggs incubated within this range were similar in calaric
content and percent of fat and profein. In contrast, newly haiched fish at 20°C
were lower in calories, fat and pratein. During the eleutheracmbryo phase the
decresse in protein content was similar for larvae at 11-17° C. Hence, conversion
of yolk proteins to tissues was not affected within this range of temperatures. The
increased rate of protein decline in egps incubated at 20° C indicates that the
clevated temperatureresulted in a greater utilization of the yolk proteins. Based on
patterns of nitrogen excretion, Kaushik e af. (1982) also observed increased
protein utilization by carp cggs incubated at higher temperatures. After hatch, the
rate of depletion of yolk lipids is related to incubation temperatures: this is
apparently associated with increased utilization of lipids to supply additional
energy for the heightened activity (personal observations) and higher metabolic
rates at the higher temperatures. Curiousty, at 20° C, eleutheroembryos contained
lipid levels at yolk depletion that were higher than aaticipated: two possible
explanations of this are (1) that at 20° C utilization of yolk lipids may be impaired, ;
and (2) that we may have sampled the 20° C, yolk-depleted eleutheroembryos at a :
relatively earlier stage than those from the other temperature treatments, so they '
may not have utilized the lipids to a degree consistent with their higher metabalic
rates at elevated temperature,

A review of the literature indicates that 14-16° C is the optimal temperature for
incubation of eggs of the various acipenserids (Wang e/ al., 1985; Detlaf et al.,
1981), which corresponds with our findings. It is surprising that there is liutle
interspecies variation despite a diversity of patural emperature ranges. For
example, Siberian sturgeon, Acipenser baeri, inhabit northern Siberian streams
with water temperatures generally less than 10°C (Volinov & Kasjanov, 1974)
whereas sevryuga, A. steflutus, and paddlefish, Polyodon spathula, occur in water at
temperatures usually greater than 20°C, However, the optimal incubation
temperature for eggs of all three species is approximately 14-16°C (Detlaf er al.,
1981; Ballard & Needham, 1964). The white sturgeon of the present study were
from the stock in the Sacramento River, California and which spawn during the
spring when water temperatures are 14-16° C (Kohlhorst, 1976): survival data
(Wang, 1984), the preseat sesults, and studies of white sturgeon culture (Doroshov
et al., 1983) reveal that this is the optimal temperature range for eggs from fish of
this population. Our data with those of Wang ef «f. (1985) indicate that tempera-
tures above 17° C resule in increased mortality, smaller fish at hatch, and lower
efficiency of yolk utilization, and that there is virtually no post-hatch survival at
temperatures greater than 20°. We were unable to éstablish a lower critical tem-
perature, but minimum incubation temperatures reported for other chondrosteans
range from 6 (o 8° C (Detlaf ¢r «f., 1981). If the chondrosteans share a common
zone of thermal plasticity within which survival and yolk utilization efficiency are
relatively constant, then a lower incubation temperature level of 6-8° can also be
speculated for the white sturgeon.

When incubation temperatures ase outside of the optimal range, development
appears Lo be inhibited at carly stages, gencrally near the time of gastrulation. This
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results in either death of the embryo or the development of abnormalities. Further
deviation from the optimal range causes increasing mortality. This pattern has
been observed in white sturgeon (Wang et af., 1985) as well as other species (Detlafl
etal., 1981).

Apparently, the early life stages of most fish are unable to compensate for
temperature fluctuations. Hence, fish should be adapted to spawn within specific
temperature ranges. The lowered success when incubation occurs outside of the
range may be attributed to a variety of factors, all of which would ultimately
impinge on cell functions. Corresponding with this, temperatute is a major
stimulus for onset of reproductive activities in various fish species (reviewed by
Lam, 1979).

The reasouns why temperatutces outside of the optimum ¢licit death or develop-

ment of abnormalities are not clear. For instance, why do the eggs of most
acipenserids exhibit an increase of abnormal development or mortality when
incubated at temperatures above 20° C or below 8° C? These temperatures would
not cause protein denaturation and should not abolish enzyme activites. One
potential, but as of yet unexplored, explanation may be compromised membrane
functions. If early developmental stages are nat able to alter the fatty acid compo-
sition of their cell membranes in response to different temperatures, then tempera-
tures deviating from the optimum would result in changes of cell membrane
fluidity and would compromise membrane functions such as ionic regulation, A
review of the literature indicates that lipid biosynthetic capacitics increase with age
and that eayly developmental stages of fish may be unable to alter their membrane
lipid composition (Terner et al., 1968). Prior to hatch there is little variation io
fatty acid composition (Nakayama & Tsuchiya, 1976) and the ratio of saturated t¢
unsaturated fatty acids remains unchanged (Hayes et al., 1973). Although none of
these studies determined the influence of temperature on lipid composition of early
stages, the existing data do suggest that fish embryos prior to gastrulation lach
sufficient metaholic capabilities to synthesize fatty acids or alter those provided ir
the yolk. Therefore, itis unlikely that early embryos exposed to changing tempera.
tures are able to adapt the composition of their cell membranes, hence finidity o
their cell membranes resulting in cell dysfunction. There is a8 need to explor
further the metabolic capacities of developing fish and also investigate possibl
differences between stenothermal and eurythermal eggs. Another potential subjec
for research is how the quantity and fatty acid compaosition of lipids in the materna
dict may influence the lipid composition of the eggs; then, in turn, how the lipic
composition of the eggs might influence the temperature range within which th
eggs can survive and develop normally.

The similarity in survival and yolk utilization efficiency of white sturgeon egg
incubated at between 11 and 17° C could he exploited by hatchery operators.
Higher incubation temperatures will result in an eaclicr hatch of somewhat smalle
cleutheroembtyos (Wang, 1984), but the smaller size is due primarily to th
embryos hatching at an eatlier developmental stage (Wang er of., 1985). Whe
feeding is initiated fish size is comparable, regardless of incuybation temperature
This phenomenon has also beea reported for other fish (Heming, 1982). A benefi
of the higher temperatures is the shorter incubation period and earlier onset ¢
exogenous feeding. Hence, the carlier (eeding will allow a hatchery operator

realize the exponential growth associated with feeding at an earfier date. Th
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thermal plasticity exhibited by chondrosteans with respect to incubation tempera-
tures will also obviate the requirement for precise temperature control.
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